Introduction
============

*Clostridium difficile* infection (CDI) imposes a considerable challenge to the healthcare systems worldwide ([@B29]). The past two decades have witnessed the emergence of hypervirulent strains, recurrence and an overall higher infection rates. Upon infection, patients can be presented with a variety of symptoms ranging from mild diarrhea to life-threatening conditions like pseudomembranous colitis, toxic megacolon and death ([@B28]). Risk factors for CDI include the use of broad spectrum antibiotics and older age ([@B5]; [@B11]). The pathogenic effects of *C. difficile* are mediated via two secreted toxins, toxins A and B which activates various inflammatory cytokines causing intestinal inflammation, which inactivate members of Rho GTPases, leading to neutrophilic colitis, loss of intestinal barrier function, and cell death ([@B28]). In the early 2000s, the emergency of a hypervirulent strain, NAP1/BI/027, secretes a third toxin (binary toxin, CDT), which may result in poor prognosis ([@B37]; [@B15]). Current mainstays for CDI treatment remains to be metronidazole, and vancomycin ([@B43]). The new treatment like fidaxomicin, showed an equivalent cure rate and a reduced risk of recurrence when compared with patients who receiving vancomycin in a study ([@B16]). However, the emergence of novel outbreak-associated strains and the high recurrence rates urge clinicians and researchers to explore new therapeutic options.

Restoration of the intestinal microbiota and intestinal barrier after gut dysbiosis is crucial for the clearance of CDI ([@B34]; [@B50]). A recent meta-analysis demonstrated that probiotics may play a vital role in preventing CDI ([@B45]). Specifically, the administration of probiotics within the first 2 days of the antibiotic course reduced the CDI risk by more than 50% among inpatients, and the efficacy of probiotics gradually decreased afterward ([@B45]). Consequently, maintenance of the gut flora balance through probiotics is crucial for the management of CDI ([@B45]; [@B50]).

The use *Lactobacillus* species either alone or in combination has been intensively investigated for its therapeutic effect against CDI ([@B34]). Several evidence suggested an association between the absence of lactobacilli and the development of CDI among inpatients ([@B3]; [@B21]; [@B41]; [@B34]). Further, lactobacilli could successfully antagonize the cytotoxic effects of *C. difficile* ([@B51]; [@B4]; [@B41]; [@B47]). *Pediococcus pentosaceus* is another probiotic species that belongs to family *Lactobacillaceae*. Several strains of *P. pentosaceus* has been extensively used for food preservation and also they displayed remarkable probiotic properties including an antimicrobial activity and regulation of inflammation in animals ([@B31]). *P. pentosaceus* LI05 (CGMCC 7049), isolated from the fecal samples of a healthy volunteer, demonstrated acid-tolerant and bile-tolerant traits and our previous results demonstrated a potentially protective effects against enteropathogens ([@B30],[@B31]; [@B46]). Taken together, in this study we aim to investigate the protective function of *P. pentosaceus* LI05 against *C. difficile* in a mouse model of CDI.

Materials and Methods {#s1}
=====================

Strains and Culture Conditions
------------------------------

*Pediococcus pentosaceus* LI05 was cultured anaerobically in MRS broth (Oxoid, Thermo Fisher Biochemicals Ltd., Beijing, China) at 37°C for 24 h as detailed previously ([@B31]). The cultures were centrifuged to pellet the cells for 10 min at 5000 × *g* and 4°C, washed with sterile phosphate buffer saline (PBS, pH 7.2) twice and resuspended in the same buffer. *C. difficile* strain VPI 10463 (ATCC 43255) active culture was inoculated into Difco cooked meat media (BD Diagnostic Systems, United States) and incubated for 36 h at 37°C under anaerobic conditions (80% N~2~, 10% CO~2~, and 10% H~2~) in an anaerobic workstation (AW300SG; Electrotek, England) ([@B13]). Next, the culture was centrifuged at 3200 × *g* for 10 min at 4°C. The pellets were washed twice in sterile PBS, re-suspended and administered intragastrically to the mice.

Animals and Experimental Design
-------------------------------

A total of 28 specific-pathogen-free (SPF) C57BL/6 female mice (6--8 week old) were acquired from Shanghai SLAC Laboratory Animal, Co., Ltd. Mice were allowed 1--2 weeks to acclimatize and were housed in groups of four per cage under SPF conditions. Next, mice were randomly divided into three groups based on the initial weight of mice: normal control group (NC group; *n* = 8), experimental model group (CDI group; *n* = 12), and *P. pentosaceus* LI05 group (LI05 group; *n* = 8). Using oral gavage, we administered a daily dosage of 3 × 10^9^ CFU *P. pentosaceus* LI05 suspended in 200 μl sterile PBS for 14 days in mice of the LI05 group. Probiotic administration started from the eigth day before *C. difficile* challenge till the fifth day post-infection (day -8 to day 5). In the NC and CDI groups, we administered 200 μl sterile anaerobic PBS once daily for 14 days. All mice were monitored at least once daily to observe the clinical symptoms of CDI, survival rate and record their body weight. The detailed experimental design is shown in **Figure [1](#F1){ref-type="fig"}**. All experiments were approved by the First Affiliated Hospital, School of Medicine, Zhejiang University's institutional animal care and use committee and were performed in accordance with the recommendations of "Guide for the Care and Use of Laboratory Animals" (NIH publication 86-23 revised 1985).

![*Pediococcus pentosaceus* LI05 administration attenuated *C. difficile*-induced colonic tissue damage. **(A)** Schematic presentation of the experimental design. Mice were randomly assigned to three groups: NC group (*N* = 8), CDI group (*N* = 12), and LI05 group (*N* = 8). **(B)** Kaplan--Meier survival plots of three groups. **(C)** Mean relative weight of all surviving mice (up to the day of death). **(D)** Toxins A and B levels were measured in the fecal samples on day 3 and expressed as test value (ODs). **(E)** Pathologic score of colonic tissues. NC, normal control; CDI, *C. difficile* infected; LI05, *P. pentosaceus* LI05 treated. **(F)** Representative H&E staining of colonic tissues. The arrows showed epithelial damage (blue), neutrophil margination (red), and congestion/edema (black) (scale bar, 100 μm).](fmicb-09-02396-g001){#F1}

CDI Experimental Model
----------------------

*Clostridium difficile* infection mouse model was established as detailed previously ([@B13]). Briefly, an antibiotic cocktail composed of kanamycin (0.4 mg/mL), gentamicin (0.035 mg/mL), colistin (850 U/mL), metronidazole (0.215 mg/mL), and vancomycin (0.045 mg/mL) was added to the drinking water for 5 days starting from the 8th day before CDI challenge to disrupt the normal microflora. Next, all mice were allowed access to regular drinking water for 2 days and received a single dose of clindamycin (10 mg/kg; intraperitoneal) 1 day prior to *C. difficile* challenge. After 24 h, mice in the CDI and LI05 groups were infected with 10^8^ CFU of *C. difficile* strain VPI 10463 by oral gavage. Stool samples were anaerobically cultured on cycloserine--cefoxitin--taurocholate agar (CCFA-TA; Oxoid) for 48 h as detailed previously ([@B14]; [@B55]). Matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry on a Microflex LT system (Bruker Daltonik) was used for strain identification. Further, toxins A and B were determined in triplicates by enzyme-linked fluorescent assay (VIDAS *C. difficile* toxins A and B, bioMerieux, SA) in the fecal samples according to the manufacturer's instructions.

Histological and Pathological Evaluation
----------------------------------------

Colon tissue samples were collected and fixed in 10% neutral buffered formalin. Samples were then embedded in paraffin and sliced into 4-μm thick sections on a microtome (RM2016, Leica, Shanghai). Next, samples were stained with haematoxylin and eosin (H&E) according to the standard protocols and analyzed by an experienced histopathologist in a blinded manner. The degree of enteritis was scored and graded using the scoring system reported by [@B13]. Briefly, histological scores were epithelial cell damage (score of 0--3), congestion/edema (score of 0--3), and neutrophil infiltration (score of 0--3).

Immunohistochemical Staining and Immunofluorescence
---------------------------------------------------

Immunohistochemistry and immunofluorescence were performed in the colon tissues as previously reported ([@B30]). Sections were stained with primary antibodies against (TNF-α, MCP-1, NF-KB p65, phospho-p65, and ZO-1) (Servicebio, Wuhan, China). Images were analyzed with the NanoZoomer Digital Pathology system (Hamamatsu Photonics K.K., Japan). A total of 10 vision fields were randomly selected from each slide and the mean positive area was calculated and analyzed by *Image J* software. The disruption and disorganization of ZO-1 immunostaining were visualized with a Zeiss LSM T-PMT confocal microscope (Zeiss, Jena, Germany).

Detection of Serum Cytokines and Chemokines
-------------------------------------------

Serum cytokine concentration was detected by Bio-Plex Pro Mouse Cytokine 23-Plex Panel (Bio-Rad) with a MAGPIX system (Luminex Corporation) and Bio-Plex Manager 6.1 software (Bio-Rad) according to the standard manufacturer's protocol. The following cytokines and chemokines were included in the 23-plex panel: Eotaxin, G-CSF, GM-CSF, IL-1a, IL-1b, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12(p40), IL-12(p70), IL-13, IL-17, IFN- γ, KC, MCP-1, MIP-1α, MIP-1β, RANTES, and TNF-α.

Quantitative Real-Time PCR (qPCR)
---------------------------------

Total RNA was extracted from the mice colons with RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's protocols. RNA concentration was measured using a NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA, United States) and then reverse transcribed into cDNA with a PrimeScript^TM^ RT reagent Kit (Perfect Real Time) (RR036A, Takara, Dalian, China) following the standard protocols. The expression of mRNA was measured in triplicates with SYBR^®^ Premix Ex Taq^TM^ II master mix (Tli RNaseH Plus) (RR820A, Takara, Dalian, China) using a CFX96 Real-Time PCR Detection System (Bio-Rad). The relative expression of target genes was normalized to β-actin level and calculated by the comparative cycle threshold (Ct) method. Primer pairs were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China) and listed in **Supplementary Table [S1](#SM2){ref-type="supplementary-material"}**.

Analysis of Microbiota Composition by 16S rRNA Gene Amplicon Sequencing
-----------------------------------------------------------------------

Caecal content samples were snap frozen and stored at -80°C after collection. Bacterial DNA was isolated from the caecal contents using a QIAamp^®^ Fast DNA Stool Mini Kit (Qiagen, Hilden, Germany) following the manufacturer's instructions. DNA concentration and integrity were measured by a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Hudson, NY, United States) and agarose gel electrophoresis, respectively. PCR amplification of the V3--V4 hypervariable regions of the bacterial 16S rRNA was carried out using universal primer pairs (343F: 5′-TACGGRAGGCAGCAG-3′; 798R: 5′-AGGGTATCTAATCCT-3′). The details of libraries construction are as follows: the libraries construction includes two stages, primers 343F and 798R were used in first stage PCR, the PCR system and conditions are: 95°C denaturation for 3 min, 25 cycles of 95°C denaturation for 30 s, 60°C annealing for 30 s, and 72°C extension for 30 s and a final extension for 10 min at 72°C. After the first stage PCR product was purified, primer i5 and i7 (Illumina universal adaptor) were used in second stage PCR and the PCR system and conditions: 95°C denaturation for 3 min, 8 cycles of 95°C denaturation for 30 s, 55°C annealing for 30 s, and 72°C extension for 30 s and a final extension for 10 min at 72°C. The second stage PCR product was purified using Agencourt AMPure XP beads (Beckman Coulter, Inc., Brea, CA, United States). Next, Sequencing was performed on an Illumina Miseq with two paired-end read cycles of 300 bases each (Illumina Inc., San Diego, CA, United States).

Paired-end reads were preprocessed using Trimmomatic software ([@B7]) to detect and cut off ambiguous bases(N). It also cut off low quality sequences with average quality score below 20 using sliding window trimming approach. After trimming, paired-end reads were assembled using FLASH software ([@B32]). Parameters of assembly were: 10 bp of minimal overlapping, 200 bp of maximum overlapping and 20% of maximum mismatch rate. Sequences were performed further denoising as follows: reads with ambiguous, homologous sequences or below 200 bp were abandoned. Reads with 75% of bases above Q20 were retained. Then, reads with chimera were detected and removed. These two steps were achieved using QIIME software (version 1.8.0) ([@B9]). Clean reads were clustered to generate operational taxonomic units (OTUs) using UPARSE software with 97% similarity cutoff ([@B19]). The representative read of each OTU was selected using QIIME package. All representative reads were annotated and blasted against Silva database (Version 123) using RDP classifier (confidence threshold was 70%) ([@B54]). The microbial diversity in caecal content samples was estimated using the Chao1 index ([@B12]). The UniFrac distance matrix performed by QIIME software was used for unweighted and weighted UniFrac Principal coordinates analysis (PCoA) and phylogenetic tree construction.

PICRUSt Analysis
----------------

The functional profile of KEGG Orthology (KOs) ([@B23]) for each sample was predicted from 16S rRNA sequence data with PICRUSt (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States) ([@B27]). The predicted KO abundances were collapsed to level 3 by grouping them into a higher level of functional categorization.

Statistical Analysis
--------------------

Data were either expressed as mean ± standard deviation (SD) or median with interquartile range (IQR). One-way ANOVA test (for those with normal distribution) or Mann--Whitney's *U* test (for those with skewed distribution) were used to compare the examine groups. To compare the differences in taxa abundances among the three groups, we utilized Wilcoxon rank sum tests and the Benjamini-Hochberg correction to reduce false discoveries for multiple hypotheses at each taxonomic level. The permutational multivariate analysis of variance (PERMANOVA) with the adonis function was used to test for microbial community clustering using weighted and unweighted UniFrac distance matrices. Statistical analyses were completed with either SPSS (22.0; SPSS Inc., Chicago, IL, United States) or GraphPad Prism (7; GraphPad Software Inc., San Diego, CA, United States). Two-sided *p*-values \<0.05 were considered to be statistically significant.

Results
=======

*P. pentosaceus* LI05 Reduced the Rate of Mortality and Protected Against CDI-Induced Weight Loss
-------------------------------------------------------------------------------------------------

In order to closely simulate the clinical status of CDI patients, we administered *P. pentosaceus* LI05 in the LI05 group on the first day of antibiotic cocktail use. Following CDI challenge, the survival rate of the NC, CDI, and LI05 groups were 100% (8/8), 66.67% (8/12), 100% (8/8), respectively (**Figure [1B](#F1){ref-type="fig"}**). The change in body weight acts as an indicator for the mice general health during CDI ([@B13]). Compared to the NC group, mice in the CDI group showed a significant weight loss following CDI and their body weights were at the lowest level on day 3 post-infection (CDI group: 88.00 ± 2.25 vs. NC group: 101.59 ± 2.6, *P* \< 0.001; **Figure [1C](#F1){ref-type="fig"}**). Further, four mice in the CDI group were found dead by post-infection day 4. All mice became severely infected and moribund were humanely killed. In the LI05 group, mice suffered from a small decrease in body weight and all mice survived until the end of the experiment (**Figures [1B,C](#F1){ref-type="fig"}**). Compared to the CDI group, the mean relative weight loss of mice in the LI05 group was significantly lower on day 3 of (LI05 group: 94.01 ± 4.59 vs. CDI group, *P* \< 0.01). In order to validate the responsibility of *C. difficile* to the observed CDI symptoms, we collected and analyzed stool samples before and after the *C. difficile* challenge. Stool samples collected before the challenge were negative for *C. difficile* toxins. Whereas, analysis of stool samples collected on day 3 post-infection in CDI and LI05 groups were both positive for *C. difficile* culture and toxins (**Figure [1D](#F1){ref-type="fig"}**).

*P. pentosaceus* LI05 Attenuated CD-Induced Colon Injury
--------------------------------------------------------

Histological inspection of the colon tissues from the CDI group demonstrated extensive submucosal edema, mucosal proliferation with patchy epithelial necrosis and the wide distribution of inflammatory cells, predominantly neutrophils, was evident (**Figure [1F](#F1){ref-type="fig"}**). On the other hand, compared to CDI group, the degree of colon injuries was less severe in the LI05 group (**Figure [1F](#F1){ref-type="fig"}**). The pathological grading system revealed that mice of CDI group were presented with severe epithelial damage, neutrophil margination, and congestion/edema and the total score was significantly higher than the NC group (CDI group: 4.13 ± 1.55 vs. NC group: 0.36 ± 0.22; *P* \< 0.001; **Figure [1E](#F1){ref-type="fig"}**; [@B13]). Whereas, the total score was significantly lower in the LI05 group compared to the CDI group (1.63 ± 0.92 vs. 4.13 ± 1.55, respectively; *P* \< 0.01; **Figure [1E](#F1){ref-type="fig"}**).

*P. pentosaceus* LI05 Alleviated Immune Reactions by Modulating Serum Inflammatory Cytokine
-------------------------------------------------------------------------------------------

*Clostridium difficile* infection is aggravated through a broad range of inflammatory cytokines ([@B38]). Therefore, we assessed profiles of 23 different serum cytokines to detect the impact of *P. pentosaceus* LI05 on the production of inflammatory mediators. The serum levels of the examined cytokines were significantly up-regulated in the CDI group compared to the NC group (**Figure [2](#F2){ref-type="fig"}**). In the LI05 group, nine serum cytokines were significantly mitigated (**Figure [2](#F2){ref-type="fig"}**). Therefore, these results indicate the *P. pentosaceus* LI05 could significantly improve the CDI-induced high interleukin levels (IL-1α, IL-4, IL-6) as well as the immunomodulatory cytokine IL-10. In addition, the increase in MIP-1β, MCP-1, G-CSF, TNF-α, and RANTES were also alleviated in the LI05 group (**Figure [2](#F2){ref-type="fig"}**).

![Administration of *P. pentosaceus* LI05 relieved *C. difficile*-induced cytokine expression in the serum. Bar charts represented the expression of IL-1α, IL-4, IL-6, IL-10 levels as well as the MIP-1β, MCP-1, G-CSF, TNF-α, and RANTES levels among the examined groups (*N* = 8 per group). NC, normal control; CDI, *C. difficile* infected; LI05, *P. pentosaceus* LI05 treated.](fmicb-09-02396-g002){#F2}

*P. pentosaceus* LI05 Mitigated CD-Induced Intestinal Immune Response and Reinforced Intestinal Barrier Integrity
-----------------------------------------------------------------------------------------------------------------

Activation of NF-κB signaling pathway in monocytes and colonic epithelial cells is closely associated with intestinal inflammation due to *C. difficile* ([@B24]). Previous studies demonstrated that toxins secreted by *C. difficile* can activate the NF-κB pathway and subsequently a large number of proinflammatory factors are secreted leading to the colon inflammation ([@B17]). Therefore, we assessed the cytokine/chemokine mRNA expression in proximal colon among the three experimental groups. Compared to the NC group, mice in CDI group exhibited a significant increase in the relative mRNA levels of the following chemokines IL-1β, IL-4, TNF-α, MCP-1, and MIP-1α (**Figure [3A](#F3){ref-type="fig"}**). In contrast, mice in LI05 group exhibited a significant reduction of the above mentioned chemokines (*P* \< 0.05). Furthermore, we investigated the impact of *P. pentosaceus* LI05 on NF-κB pathway via immunostaining the colon tissues with antibodies against TNF-α, MCP-1, and phospho-NF-κB p65 (**Figure [3B](#F3){ref-type="fig"}**). Compared to the CDI group, *Image J* analysis of the positive area percentage indicated that the levels of TNF-α, MCP-1, and phospho-NF-κB p65 were significantly lower in the LI05 group (30.16 ± 5.14 vs. 21.70 ± 3.38; 24.77 ± 3.73 vs. 21.70 ± 3.38, and 19.34 ± 3.38 vs. 13.68 ± 2.71, respectively; *P* \< 0.01, *P* \< 0.05, and *P* \< 0.01, respectively).

![*Pediococcus pentosaceus* LI05 suppressed *C. difficile*-induced intestinal immune response. (*N* = 8 per group) **(A)** Colonic expression of the proinflammatory factors IL-1β, IL-4, TNF-α, MCP-1, and MIP-1α. **(B)** Immunohistochemical analysis of TNF-α, phospho-NF-κB p65 and MCP-1 in colonic tissue of mice (scale bar, 50 μm). Upper panel: Left, immunohistochemistry; Right, the percent positive area was illustrated by *Image J*. NC, normal control; CDI, *C. difficile* infected; LI05, *P. pentosaceus* LI05 treated.](fmicb-09-02396-g003){#F3}

Next, to assess the intestinal epithelial integrity, we examined the expression colonic intestinal tight junction proteins by quantitative PCR and immunofluorescence. In the CDI group, *C. difficile* challenge caused the delocalization of intestinal tight junction proteins (ZO-1, occludin, claudin-1) in the colons (**Figure [4](#F4){ref-type="fig"}**). In contrast, the LI05 group showed higher levels of ZO-1 mRNA expression and maintained high fluorescence intensities (**Figure [4A](#F4){ref-type="fig"}**). Notably, *P. pentosaceus* LI05 also promoted mRNA expression of occluding and claudin-1 compared to the CDI group (**Figure [4B](#F4){ref-type="fig"}**).

![*Pediococcus pentosaceus* LI05 reinforced gut barrier function by mitigating the CD-induced disruption Tight Junction Proteins (ZO-1, occluding, claudin-1). (*N* = 8 per group) **(A)** ZO-1 immunofluorescence (×200) and mRNA expression of ZO-1 in colonic tissue. **(B)** mRNA expression of occluding, claudin-1 in colonic tissue. NC, normal control; CDI, *C. difficile* infected; LI05, *P. pentosaceus* LI05 treated.](fmicb-09-02396-g004){#F4}

*P. pentosaceus* LI05 Affected the CD-Induced Alterations of the Intestinal Microbiome and Metabolome
-----------------------------------------------------------------------------------------------------

To further investigate the impact of *P. pentosaceus* LI05 intake on CDI mice, we assessed the fecal pellets by 16S rRNA sequencing. The sequencing data have been deposited in the NCBI SRA database with accession PRJNA490589. Fecal samples were obtained from 23 samples (NC group = 8, CDI group = 7, LI05 group = 8). 922,521 paired-end reads were generated, and 718,403 sequences (31235 reads per sample) were available for down-stream analysis after data processing and quality control. Species diversity calculated by Simpson diversity indices and the community richness detected by Chao1 indices indicated there was no significant difference between the CDI group and LI05 group (*P* = 0.119, *P* = 0.186, respectively). Next, we used the unweighted (**Figure [5A](#F5){ref-type="fig"}**) and weighted (**Figure [5B](#F5){ref-type="fig"}**) UniFrac PCoA to investigate the overall structural changes of microbial communities, which showed a marked difference between the CDI group and the NC group. The permutational multivariate analysis of variance (PERMANOVA) with the adonis function also revealed significant difference between three groups (NC vs. CDI *P* = 0.001; LI05 vs. NC *P* = 0.001; LI05 group vs. CDI group *P* = 0.011). Therefore, these results showed that *P. pentosaceus* LI05 can affect the CD-induced gut microbiome alteration. Furthermore, it appears that the CDI group had far more within group variation than the NC or LI05 group, it may be associated with the individual ability to fight this disease of mice.

![Administration of *P. pentosaceus* LI05 ameliorated microbiome dysbiosis in CDI. (*N* = 7--8 per group) **(A,B)** PCoA plot of the microbiota among three groups based on unweighted UniFrac metric **(A)** and weighted UniFrac metric **(B)**. Each point represented a sample. **(C)** Relative abundance of taxa at the phylum level. **(D)** Relative abundance of taxa at the family level. **(E)** Relative abundance of taxa at the genus level. NC, normal control; CDI, *C. difficile* infected; LI05, *P. pentosaceus* LI05 treated.](fmicb-09-02396-g005){#F5}

Further, we compared relative taxa abundance at the phylum and genus levels to characterize the phenotypic changes in the taxonomic composition in depth (**Figures [5C](#F5){ref-type="fig"}--[E](#F5){ref-type="fig"}**). Wilcoxon rank sum test combined with the Benjamini-Hochberg method was applied to compare bacteria taxa, and significant association was considered below a FDR threshold of 0.05. Compared with that of the NC group, our results demonstrated the existence of higher variations in individual CDI group. The percentage standard deviation of the three major phyla *Bacteroidetes, Firmicutes*, and *Proteobacteria* were 61.68% ± 8.89, 29.16% ± 9.08, and 8.19% ± 4.88 for NC group, respectively, and 32.97% ± 27.47, 39.25% ± 33.30, and 27.67% ± 13.24 for CDI group, respectively (**Figure [5C](#F5){ref-type="fig"}**). However, there was no significant difference of the three major phyla between LI05 and NC group (**Figure [5C](#F5){ref-type="fig"}**). Families such as *Rikenellaceae* (NC group 8.13% ± 2.49 vs. CDI group 0.11% ± 0.20), *Ruminococcaceae* (NC group 5.93% ± 2.40 vs. CDI group 0.04% ± 0.056), *Bacteroidales* (NC group 35.45% ± 16.31 vs. CDI group 0.09% ± 0.23), and *Deferribacteraceae* (NC group 0.05% ± 0.06 vs. CDI group 0.00% ± 0.00) were relatively deficient in CDI group compared to the NC group (*q* \< 0.05), whereas, *Enterobacteriaceae* (NC group 0.05% ± 0.07 vs. CDI group 20.25% ± 11.89) and *Enterococcaceae* (CDI group 0.26% ± 0.26 vs. NC group 0.003% ± 0.004) was abundantly higher in the CDI group (*q* \< 0.05) (**Figure [5D](#F5){ref-type="fig"}**). Compared with that of the CDI group, the continuous administration of *P. pentosaceus* LI05 lead to the decrease of the proportion of phylum *Proteobacteria* (13.13% ± 5.21 in LI05 group, 27.67% ± 13.24 in CDI group, *q* \< 0.05), and the enrichment of phylum *Bacteroidetes* abundance (67.44% ± 7.35 in LI05 group, 32.97% ± 27,47 in CDI group, *q* \< 0.05). At the family level, the relative abundance of *Porphyromonadaceae* (LI05 group 65.89% ± 7.49 vs. CDI group 20.41% ± 26.73) and *Rikenellaceae* (LI05 group 1.46% ± 1.66 vs. CDI group 0.11% ± 0.20) in LI05 group compared to the CDI group (*q* \< 0.05), while, the relative abundance of *Enterobacteriaceae* (LI05 group 3.86% ± 2.92 vs. CDI group 20.25% ± 11.89, *q* \< 0.05) were decreased in LI05 group (**Figure [5D](#F5){ref-type="fig"}**).

These compositional and diversity changes induced by *C. difficile* may have functional implications. We used PICRUSt, a bioinformatics tool that uses evolutionary modeling to predict metagenomic functional content from 16S rRNA data and a reference genome database, to assess potential functional differences among the three groups ([@B27]). Many of the predicted functional differences were in KEGG metabolic pathways between the microbiomes of CDI group and NC group: lipids, amino acids, peptides, carbohydrates, and xenobiotics (**Supplementary Figure [S1](#SM1){ref-type="supplementary-material"}**). However, the lipid metabolism pathway, Fatty acid metabolism and glycolytic pathway, including primary bile acid biosynthesis and secondary bile acid biosynthesis, was significantly different after administration of *P. pentosaceus* LI05 (**Figure [6](#F6){ref-type="fig"}**).

![PICRUSt results of metabolic pathways in the gut microbiome of CDI group and LI05 group.](fmicb-09-02396-g006){#F6}

Discussion
==========

To the best of our knowledge, this is the first report that demonstrates the successful prophylactic function of *P. pentosaceus* against CDI. In this study, we observed that the administration of *P. pentosaceus* LI05 significantly reduced the mortality, substantially ameliorated CDI-induced colonic tissue damage and systemic inflammatory response in a mouse model treated with broad spectrum antibiotics and infected with *C. difficile* VPI 10463.

To date, the standard laboratory investigations cannot distinguish between *C. difficile* colonization and true CDI in the fecal samples ([@B2]). Further, previous studies of experimentally induced CDI focused on the inflammatory response in colonic tissues ([@B38]; [@B25]; [@B42]). Nevertheless, information regarding the inflammatory mediators circulating in the blood is still limited. We expect that a better understanding for the inflammatory response in serum may highlight specific inflammatory pathways for CDI and hence, pave the road toward more efficient therapeutic options for CDI. Compared to the NC group, our results demonstrated that the serum inflammatory cytokines in the CDI group were significantly increased. The administration of *P. pentosaceus* LI05 significantly alleviated the CDI-induced inflammatory response. Similarly, in colon tissues the level of TNF-α, MCP-1, MIP-1α were up-regulated in the CDI group and *P. pentosaceus* LI05 treatment significantly improved the inflammatory response in the LI05 group. The up-regulation of serum cytokines often induces the production and secretion of G-CSF from the T cells, endothelial cells, and macrophages ([@B33]). G-CSF plays an important role in promoting the production of granulocytes ([@B33]). Once the infection is controlled the G-CSF levels are decreased and return back to normal. In the same context, MCP-1 and MIP-1α, belong to CC-chemokine family, play an important role in recruiting and activating monocytes/macrophages, regulating the inflammatory mediators and adhesion molecules ([@B10]; [@B26]). Compared with the CDI group, the down-regulation of the abovementioned inflammatory mediators in LI05 group suggests that the clinical manifestations of the infection were drastically reduced in those mice.

*Clostridium difficile* pathogenicity is mainly attributed to the production of two exotoxins: toxins A and B ([@B18]). Both toxins share a common domain structure with around 63% of amino acid homology ([@B53]; [@B39]) and have similar mechanisms in eliciting cell death ([@B17]). However, [@B35] demonstrated that both toxins have remarkable differences in their pathogenic ability; specifically, toxin B is able to induce inflammasome activation at much lower concentrations than toxin A. Activation of NF-κB signaling pathway in colonic tissues was reported to be closely associated with toxin A ([@B24]; [@B17]). In turn, NF-κB phosphorylation induce the expression of pro-IL-1β gene and TNF-α ([@B17]). Further, challenging monocytes with *C. difficile* resulted in the induction of pro-inflammatory cytokines such as IL-1β and increased proliferation of allogenic T cells ([@B6]; [@B52]). Increased TNF-α and IL-1β levels could further enhance toxins A and B-mediated cytotoxicity resulting in cell death ([@B17]). In our study, the administration of *P. pentosaceus* LI05 significantly reduced the inflammatory response in colonic tissues. Particularly, our results demonstrated that *P. pentosaceus* LI05 administration inhibited the NF-κB phosphorylation, decreased the intestinal inflammatory response, and down-regulated the expression of inflammatory genes and inflammatory cytokine, including TNF-α, MCP-1, IL-1β, MIP-1α in the LI05 group. As a result, we observed that the administration of *P. pentosaceus* LI05 improved the histological pictures of colonic tissues through decreasing the leukocyte infiltration, edema and epithelial necrosis compared to CDI group.

In agreement, previous studies demonstrated the crucial role of gut microbiota against CDI ([@B22]; [@B34]; [@B50]). The restoration of intestinal microbiota and intestinal barrier after gut dysbiosis was found to be instrumental in CDI treatments ([@B34]; [@B50]). Several antagonistic mechanisms have been proposed to explain the beneficial effects of probiotics including the production of antimicrobial molecules and modulation of intestinal inflammation ([@B8]; [@B20]). Germination and growth of *C. difficile* were strongly affected by members of the two dominant phyla, *Firmicutes* and *Bacteroidetes* ([@B49], [@B48]; [@B1]). The gut metabolome of CDI was associated with relative increases in amino acids, carbohydrates, primary bile acids, while levels of the secondary bile acid deoxycholate and luminal dipeptides decreased ([@B49]). In summary, CDI in mice resulting in microbiome depletion, especially of *Bacteroidetes* species, decreased microbial diversity, and altered the potential functional capabilities of the microbiome. In our study, many of the predicted functional differences in KEGG metabolic pathways were found between LI05 group and CDI group, such as lipid metabolism pathway, fatty acid metabolism and glycolytic pathway. Furthermore, we previously verified that *P. pentosaceus* LI05 could synthesize three antimicrobials, including prebacteriocin, lysin, and colicin V production family proteins, and we verified their protective effects against tested enteropathogens ([@B31]). Moreover, we also demonstrated that *P. pentosaceus* LI05 had the ability to accelerate the reproduction of generally beneficial microbial taxa like *Lactobacillus, Prevotella*, and *Paraprevotella* as well as restraining the excessive reproduction of opportunistic pathogens like *Oscillospira, Flavonifractor*, and *Escherichia* ([@B30],[@B31]; [@B46]). In good agreement, results obtained from this study showed *Escherichia* was significantly decreased in LI05 group, thus, we speculated that *P. pentosaceus* LI05 may inhibit the opportunistic pathogen like *Escherichia* in mice after exposure to broad spectrum antibiotics and *C. difficile* challenge. However, since we only sequenced partial 16S rRNA sequences in this study, and the OTUs could not be assigned to the species level with high confidence, *P. pentosaceus* LI05 was not observed to be enriched in the gut microbiome. This is likely because of no significant increase in the amount of *P. pentosaceus* LI05 in the mice caecal content samples in such a short time after probiotic withdrawal.

In adult Chinese patients, we previously reported that the percentages of *Escherichia*/*Shigella* were significantly higher in CDI patients ([@B22]). The overgrowth of *Escherichia*/*Shigella* could possible impair the intestinal permeability resulting in worsening disease severity and complications such as endotoxaemia ([@B40]). Therefore, here, we investigated the integrity of the intestinal barrier to explore the mechanism of impaired intestinal permeability. In epithelial cells, toxins A and B were found to disrupt the tight junctions ([@B36]; [@B44]). Here, we observed that CDI caused the delocalization of intestinal tight junction proteins (ZO-1, occluding, claudin-1). Upon the administration of *P. pentosaceus* LI05, that the intestinal tight junction protein (ZO-1, occludin, claudin-1) in the colon appeared more visually intact in the LI05 group. Taken together, in this study our results verified that the injured villi architecture and cytokine/chemokine was substantially ameliorated in the LI05 group. And our results also showed that *P. pentosaceus* LI05 can clearly affected the CD-induced gut microbiome alteration, thus, we hypothesized that it may be helpful in modulating gut barrier integrity. Nevertheless, one important limitation to this study is that the model of study is C57BL/6 mice. Although the mice model we used could closely represent the clinical manifestations and typical histologic features of this human disease ([@B13]). In this study, we showed the beneficial function of *P. pentosaceus* LI05 as a promising probiotic agent against CDI. These promising findings merit further experimental and clinical studies to determine the efficacy and safe applicability of *P. pentosaceus* LI05 in human subjects.

Conclusion
==========

In this study, we confirmed the protective role of *P. pentosaceus* LI05 against antibiotic cocktail treatment followed by CD challenge in mice. We suggest that *P. pentosaceus* LI05 pretreatment may reduce the risk of CDI by down-regulating the degree of intestinal inflammatory response and the production of serum inflammatory mediators, protecting the intestinal barrier function. These findings verify the beneficial function of *P. pentosaceus* LI05 as a promising probiotic agent against CDI.
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